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The insulator-metal transition in single crystalsjga,Pr,CaysMnO; with y~0.35 was studied using syn-
chrotron x-ray diffraction, electric resistivity, magnetic susceptibility, and specific heat measurements. Despite
the dramatic drop in the resistivity at the insulator-metal transition tempergjyrethe charge-orderingCO)
peaks exhibit no anomaly at this temperature and contingeaw below Ty, . Our data suggest then, that in
addition to the CO phase, another insulating phase is present BelgwIn this picture, the insulator-metal
transition is due to the changes that ocuuithin this latter phase. The CO phase does not appear to play a
major role in this transition. We propose that a percolationlike insulator-metal transition occurs via the growth
of ferromagnetic metallic domains within the parts of the sample that do not exhibit charge ordering. Finally,
we find that the low-temperature phase-separated state is unstable against x-ray irradiation, which destroys the
CO phase at low temperatures.

DOI: 10.1103/PhysRevB.63.024420 PACS nuni®er75.30.Vn, 71.30th, 78.70.Ck, 72.46-w

[. INTRODUCTION several manganite materiglMore generally, it is unclear
how such a large-scale phase separation can be ascribed to
Metal-insulator transitions in manganite perovskites haveahe effects of short-range local interactions or be consistent
attracted considerable attention during the last five yk#rs. with long-range Coulomb forces, and therefore other effects,
has been established that the metallic state in these materiateluding lattice straih or quenched disordérfor instance,
is ferromagnetigwith the double exchange mechanism re-need to be considered. To address these basic questions and
sponsible for the ferromagneti$nand a variety of insulating to understand the origin of the CMR effect, the microscopic
states have been found. In many cases, application of a magtructure of manganites must be characterized in detail, and,
netic field converts the insulating phase into the ferromagevidently, more experimental work is needed.
netic metallic(FM) state, resulting in the phenomenon of In this paper, we report synchrotron x-ray diffraction,
“colossal magnetoresistancCMR). Recently, it has been electrical resistivity, magnetization, and specific heat mea-
demonstrated that microscopic phase separation plays an eg#ements performed on single crystal samples of
sential role in the physics of the manganite3in particular, Lasg—yPr,CaygMnO;, y~0.35. With decreasing tempera-
it results in the apparent percolative character of thdure, this material first undergoes a charge-orderi@g)
insulator-metal transition when the transition is from thetransition at Tco~200 K, and then a relatively sharp
charge-ordered insulating to the ferromagnetic metallic staténsulator-metal transition into a low-temperature conducting
It is here that the largest changes in resistivityore than 6 phase afy,;~ 70 K. This low-temperature phase is believed
orders of magnitude and therefore the largest magnetoresis-to consist of a mixture of charge-ordered insulating and fer-
tances are observed. romagnetic metallic phasédote that the charge ordering is
In spite of the large amount of work devoted to the man-of the simple checker-board type found in th&=0.5"
ganites, the microscopic nature of the phase-separated statgmple$ and therefore cannot be complete in the entire
has thus far not been understood. For example, the electronample at this doping. We find that neither the fraction of the
properties of the constituent phases as well as their volum€O phase in the sample, nor the correlation length of the CO
fractions and spatial distributions in the sample remain to b@hase, show measurable anomaliesTgt. Moreover, the
characterized. More importantly, the physical mechanisnintensities of the CO diffraction peaks continue to grow as
underlying the phase separation phenomenon remains uthe temperature is decreased across the insulator-metal tran-
clear. It has been proposed theoretically that doped Mott insition. Thus, these data show that the volume fraction of the
sulators, such as the mixed-valence manganites, are unstalil® phase does not decrease, and in all likelihood continues
against electronic phase separation into carrier-rich antb increase, as the material undergoes the insulator-metal
carrier-poor region$ This scenario, however, is inconsistent transition. Our combined data therefore indicate that in addi-
with the subgm domain size observed experimentally in tion to the CO phase, another paramagnetic insulating phase
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is present belowc5. The insulator-metal transition is then (La,Pr)5/8C03/8Mn03
caused by the changesthin this latter phase. 10* — :
Existing experimental data suggest that the insulator- i ¥ (0)_

metal transition has a percolative character. We propose here
that it occurs via the growth of ferromagnetic metallic do-
mains within the parts of the sample that do not exhibit
charge ordering. In this picture there are at least three phases
in our samples belowW co: ferromagnetic metallic, charge-
ordered insulating, and a second insulating state which is
paramagnetic abovg,,,, and which we will refer to as the : |
|2 phase(insulating phase)2 The mechanism of the metal- (b)

o~ L [o]

insulator transition in charge-ordered manganites, therefore, 54 o °
appears to be more complex than a simple percolation of 23l o
metallic phase due to the growth of ferromagnetic domains > v, %V
in the charge-ordered matrix. 52t .

Finally, we have investigated the effects of x-ray irradia- =z o
. 1t o
tion on the low-temperature phase-separated state. As was = o, ©

the case in some other charge-ordered mangaffit&sthe :
CO state in our samples is destroyed by x-ray irradiation 0 50 100 150 200 250 300
below T=50 K. The photoinduced transition was previously T ()

four_ld to be of the msulatqr-metal type in related sambqes. FIG. 1. Temperature dependencegafzero-field electric resis-
While the CO phase remains unaffected by the photoinduceg;ir, and (b) the magnetic susceptibility in a 100 Oe magnetic field,
insulator-metal transition at temperatures larger thgf in  taken on heating and on cooling. The transition temperafliggs
the related (Pr,Ca,Sr)MnGCsamples, the CO phase in the andT,, were determined from the maxima in the temperature de-
present case is destroyed by x rays at low temperaturegvative of the logarithmic resistivity on cooling.

Thus, while an additional phase is required to explain the

insulator-metal transition &k, , the low-temperature photo-
induced transition need only involve the FM and the CO
phases.

ciated with the Jahn-Teller distortions characteristic of the
CE typ€ charge and orbitally ordered state, and are often
referred to as orbital-ordering peaks. Thé, 0, 0 and(0, K,

0) peaks,H andK odd, have the same wave vector as the
Il. EXPERIMENT checkerboard charge ordering and arise from lattice distor-

: : tions associated with valence ordering. In a recent series of
Single crystals of Lgg ,Pr,CaggMnO; were grown using ; 7 . T
the floating zone technique from polycrystalline rods with aexperlment§, these reflections were studied in the related

nominal composition near=0.35 synthesized by a standard materiaBI P{,X.Ca(MhnO? vv%ich also exhibits thiCE'thi C?A
solid state reaction method. Resistivity measurements wergate. By tuning the incident x-ray energy through the Mn

performed using a standard four-probe method, magnetizéi_bsorptlon edge, characteristic resonance,_and p_olanzaﬂon
Eependences were observed at these reflections, directly con-

tion measurements were carried out with a commercial, " hei . bital d ch deri

SQUID magnetometer, and specific heat measurements we [ming their assignment as orbital and charge-ordering

performed using a recently developed Peltierpeaks' In our measurements the x-ray energy is far frpm
resonance, and therefore both types of superlattice reflections

microcalorimeter3 _ = ; .
The x-ray diffraction measurements were carried out af"'S€ from lattice distortions associated with the CO state. In
this work, we concentrated on tte, 4.5, Q, (0, 5, 0, and

beamline X22A at the National Synchrotron Light Source. L K

The 10.35 keV x-ray beam was focused by a mirror, mono—(o’ 5.5, 0 peaks. Longitudinalparallel to the scattering vec-

chromatized by a S{111) monochromator, scattered from ton) an_d transverse scans were taken. The longitudinal scans
jere fitted using Lorentzian-squared line shapes, and these

the sample mounted inside a closed-cycle cryostat, and an . o . .
lyzed with a Ge(111) crystal. The x-ray beam was 0.5 its were used to extract the intensities, positions, and widths
' ) of the peaks.

X1 mm in cross section, and the x-ray flux wad.0' pho-
tons per second. The typical mosaic spread in our samples
was 0.2°.

Lagjg_yPr,CaggMnO; is orthorhombic (space group
Pbnm at all temperatures. In terms of the underlying dis- Figure 1 shows the temperature dependences of the zero-
torted primitive cubic perovskite cell dimensiosm,, the field electric resistivity and magnetization in a 100 Oe mag-
orthorhombic lattice constants are approximately expresseqetic field. The anomalies di.5~200 K are due to the CO
asa~b~2a,, c~2a,. The orthorhomic axeg, b, andc transition. With decreasing temperature, a relatively sharp
run along the(110),, (1-10)., and (001) directions in  insulator-metal transition occurs &j,,~70 K. (The transi-
the cubic lattice, respectively. Below the charge-orderingion temperatures were defined as the temperatures of the
transition temperatur&cg, superlattice diffraction peaks of maxima in the temperature derivative of the logarithmic re-
two types appear. TheH K/2, L) peaks,K odd, are asso- sistivity.) In the vicinity of Ty, the sample magnetization

Ill. RESULTS AND DISCUSSION
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FIG. 2. Magnetization versus magnetic field in ZFC sample E 0.009 T Do% 1
taken on ramping the field up and downTat5 K. ™ 0.007 00000 °0 T |
o oo
gradually increases on cooling before saturating below — : ;
=40 K. The transition is strongly hysteretic. oo, (C)
In a recent work by Ueharet al? it was shown that the 51951 4 % 7
low-temperature state of this material is inhomogeneous, and - 5193 W %
that even at very low temperatures only a fraction of the g ) % .
sample becomes metallic. Assuming that these metallic parts 5191 | o i° ]
of the sample are also ferromagnetic, this fraction can be °
estimated using the data of Fig. 2, which shows the sample 5.189 s Y
magnetization versus applied magnetic field in a zero-field 0 50 1TO(EK) 150 200

cooled sample. The magnetization first saturates at a field of
about 1 T. This saturation is attributed to the complete align- ¢, 3 temperature dependencegafintensity, (b) full width
ment of th? FM domains present n the _sample In z€ro ﬁeId'at half maximum, andc) scattering vector magnitude of tk@, 4.5,
The material then undergoes two field-induced transitions a(5) superlattice diffraction peak. The data were taken on cooling.

the fields of 1.6 and 3 T. Finally, when the field is increasedrye transition temperaturdg. and Ty, were determined from the
to H=4 T the entire sample becomes ferromagnetic, as inesistivity data of Fig. 1.

dicated by the magnitude of the saturated magnetic moment.
The field-induced transition is persistent, and the entiresample is homogeneous. In an inhomogeneous system, this
sample remains in the FM state after the field is turned offintensity can also increase if the volume fraction of the CO
Therefore, the fraction of the FM state in the zero-fieldphase increases. Therefore, if the conducting phase grows at
cooled sample can be determined from the ratio of the lowthe expense of the CO phase as the temperature is decreased,
field (H<1 T) magnetization taken on ramping the field up one would expect the CO peak intensity to decrease as the
and down. Using the data of Fig. 2, we thus conclude that theample undergoes the insulator-metal transition. In principle,
fraction of the FM phase in our sample was30% atT it is possible that the increase in the peak intensity due to the
=5 K. Similar measurements show that this fraction wasmproved ordering at low temperatures might compensate for
~9% atT=70 K, the insulator-metal transition temperature any decrease in the volume fraction of the CO phase. How-
on cooling. ever, taking into account the high volume fracti®9%) of

One possible scenario for the insulator-metal transition irthe ferromagnetic phase at low temperatures and noting that
Lagg—yPr,CaggMnO; involves the growth of the metallic do- the order parameter of the CO phase is not expected to
mains within the charge-ordered insulating matrix with de-change rapidly at temperatures much smaller thag, we
creasing temperature. The system would then undergo theelieve that the latter possibility is very unlikelyThat is, if
insulator-metal transition when these metallic domains per30% of the CO phase were to be transformed, we would be
colated. As discussed above, the volume fraction of the corable to observe it. It is surprising therefore that the data of
ducting phase can be estimated from the magnetization me&ig. 3@ do not show any decrease in t@ 4.5, 0 peak
surements, and in our samples should thus increase froitensity in the vicinity of the insulator-metal transition. On
approximately zero to~30% as the temperature decreaseghe contrary, the peak intensity continues to increase with
from 100 to 40 K. decreasing temperature down Te=10 K, showing no de-

To test this hypothesis, we investigated the properties ofectable anomaly &ty . The intensity of thg0, 5, 0 CO
the CO state using synchrotron x-ray diffraction. The tem-peak also does not show any decrease in the vicinitiyof.
perature dependences of the intensity, width, and the scattewe therefore conclude that our data are inconsistent with any
ing vector of the(0, 4.5, Q superlattice peak are shown in model in which the insulator-metal transition is due to the
Fig. 3. The data were taken on cooling. The intensity of thissimple growth of the FM phase at the expense of the CO
peak is often taken as the order parameter of the CE-typphase at low temperatures.
charge and orbital ordered state because it reflects the degreePanel(b) of Fig. 3 shows the temperature dependence of
of the order achieved in the CO system provided that thehe (0, 4.5, 0 peak width. The intrinsic peak width is in-
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Z475¢ §§§ 1 closely separated two peaks in the vicinity Bfo. Below
45018 ©° i Tco. peak positions and widths evolve in a smooth manner
0 50 100 150 200 250 down t(_)T= 10 K. There appears tp be a smaI_I but systematic
T (K) narrowing of the Bragg peaks with decreasing temperature

- below Tco. This decrease in the peak width indicates that
FIG. 4. Temperature dependences(@fpeak positions ant) |attice strain is relieved as the temperature is decreased. The
full width at half maximum of the Bragg peaks observed in the | ice strain is maximized in the vicinity ofco. Note that
vicinity of the (0, 4, O position in reciprocal space. The data were some of the decrease of ti@, 4.5, 0 peak width at low

taken on cooling. The data were fitted to either a single giddd . .
circles or two overlapping peak@pen circles The transition tem- temperaturegFig. 3(b)] may thus be attributed to the de-

peraturesT oo and Ty, are from the data of Fig. 1. crease of the overall lattice strain. - _
The temperature dependence of the specific heat is shown

versely proportional to the correlation length of the CE-typein Fig. 5. The temperature anomalyTat 210 K is due to the
ordered state. The data of Fig(bB therefore show that the charge-ordering transitioff. The anomaly aff=170 K is
correlation length of the orbital state remains finite well be-likely the result of the Nel transition which takes place in
low the CO transition temperature, slowly growing with de- Pr;_,CaMnO; samples at a similar temperatdfeAs was
creasing temperature. Even at 10° beldw,, it does not the case for the diffraction data, the specific heat exhibits no
exceed 200 A. It is unclear to what extent these data reflec@inomaly afTy,, . This behavior is consistent with the multi-
the size of the CO domains, however, since similar pealphase scenario for the insulator-metal transition in our
broadening of orbital reflections was observed insample and is clearly different from the behavior exhibited
PrysCa sMnO; samples in which CO reflections exhibit by La,,Ca, sMnOs. The latter compound has approximately
long-range ordet? In any case, it is evident that the orbital the same doping level and exhibits a conventional metal-
state is highly disordered in the vicinity 0f-o but becomes insulator transition at the Curie temperature at which a pro-
progressively better correlated as the temperature decreasesunced specific heat anomaly is obser¥ed.

The CO domain size may also grow in the process. However, The combined data discussed above are clearly incompat-
as was the case for the peak intensity, there is no anomaly ible with the picture in which the FM phase appears at a
the temperature dependence of the peak width in the vicinityemperature of approximately 100 K, as the magnetization
of Ty, and, clearly, there is no low-temperature width in- data would suggest, and then grows at the expense of the CO
crease that might be expected if charge ordering is destroygthase as the temperature decreases, percolatifg,at70

in a third of the sample volume. K and finally reaching a volume fraction of 30% B 40 K.

We have also studied the temperature-dependent behavi@n the contrary, the temperature dependences of Fig. 3 indi-
of the fundamental Bragg peaks. In particular, scattering ircate that the correlation length, and possibly even the volume
the vicinity of the (0, 4, O position in the reciprocal space fraction of the CO phase, grow with decreasing temperature.
was measured, and the results are shown in Fig. 4. Note that Based on our data, we therefore propose the following
due to the presence of twin domains, tlde 4, 0, (4, 0, O, modified scenario for the insulator-metal transition in
and (2, 2, 4 reflections may, in principle, all be present at Lass_,Pr,CaggMnO;. A secondary phaséthe insulating
this reciprocal space position. Similar to many other chargephase 2, or thé2 phasg which is distinct from the phase
ordered manganites, our sample undergoes a structural trativat undergoes the CO transition, is present in our samples
sition atT¢o. This structural transition is manifested by the below T¢o. Since the CO phase is insulating and its volume
abrupt changes in the temperature dependences of the strieaction is not decreasing with decreasing temperature, the
tural parametef§ shown in Fig. 4a) [see also Fig. @].  changeswithin this secondary phase must account for the
Above T=220 K a single narrow peak is observed, while insulator-metal transition. That is, the insulator-metal transi-
belowT=180 K two overlapping peaks are presésee Fig. tion results from the growth of ferromagnetic metallic do-
8 for an example of the low-temperature peak profiewas  mains within the parts of the sample that dot exhibit
impossible to distinguish between a single broad peak ocharge ordering.
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We would like to note that very recently the existence of

1.2

PHYSICAL REVIEW B 63 024420

(0, 4.5, 0), T=10K

the secondary low-temperature insulating phase was reported

in Pry-CayMnO; samples? A detailed crystallographic — 1.0J> L, & 00
study and structural refinement are needed to establish = =10

whether thd 2 phase in our sample and the secondary insu- ; 0.81, E 05 °

lating phase in Rr,.Ca; sMnO; are the same. & 06 =00°, .

There are at least two possibilities for the growth of fer- = o4l ° % o m o
romagnetic metallic domains in our samples. These domains s | e time (min)
can percolate within thé2 phase in a manner previously = 02 %00
suggested for the percolation of metallic domains within the 29900000000 o o
CO matrix. Alternatively, thd2 phase can become a ferro- 5.1985 1 %
magnetic metal in a more or less uniform manner, possibly 5.1980 | 5 §§ ] §
with some small volume fraction undergoing the transition at §2 $
lower temperatures due to local variations of lattice strain. T 21975 §§ ¢ (5, 0, 0)

o
The presence of this latter fraction may lead to the formation - 51970y ;PQQ e
of the insulating “bottlenecks” in an otherwise conducting 51965 _ =< 3788
secondary phase nedy,, . Small fluctuations in these insu- 5.1960 1° © S8 °g o s
lating regions would then lead to large changes in the sample ' T o 40 8 120
resistance. In both scenarios, the insulator-metal transition 31955 50 100 150 200
would exhibit properties characteristic of the percolative time (min)

transition, as have indeed been found in a variety of manga-

FIG. 6. X-ray exposure dependences of (fg4.5, Q superlat-
tice peak intensitytop panel and its position(bottom panelat T
=10 K. The insets show the corresponding dependences f¢bthe
0) charge-ordering peak.

nite sample$;® with arguably the most dramatic manifesta-
tion being the colossal fluctuations observed ifi fhbise
measurement®:?!

It has been recently found that in many cases the CO stafd
in manganite materials is unstable against irradiation with x
rays®!! or even with visible light® In Pry-Cay sMnOs, x
rays destroy the CO state and convert the material to a con
ducting state which was conjectured to be ferromagrtétic.
More recently it has been shown that the photoinduced stat
in related thin films does indeed possess a substantial mag-
netic moment* We have also therefore carried out a study:
of the effects of x-ray irradiation in our samples, with the
intention of comparing the x-ray-induced transition with the
temperature-induced insulator-metal transition that occurs
Twm, in the absence of x rays.

We find that in our samples the charge ordering is alsa
destroyed by x-ray illumination at low temperatures. Figure!
6 shows the intensity and the scattering vector of(thet.5,
0) superlattice peak versus x-ray exposure time. Note that ax
the crystal lattice gradually relaxes in the transition proces
the position of the0, 4.5, Q peak also changes, following
the changes in thb lattice constant. A diffraction peak was
also found at thé€5, 0, O position. This peak is present only
in the CO state and disappears as the sample is irradiated
(insets in Fig. 6. After prolonged x-ray irradiation, tha
lattice constant of the remaining CO domains increases by
0.01% and thé constant decreases by 0.045%.

The x-ray-induced effects are present only at temperatures
less than 50 K. In fact, the CO state is recovered on heating
the x-ray converted samples aboVe-60 K, as shown in
Fig. 7. The x-ray induced FM state, therefore, is unstable

-
=3

(0, 4.5, 0)

Because of the strong electron-lattice coupling in the
manganite$® lattice parameters of the FM state are expected
to be different from those of the CO phase. It is therefore not
surprising that our samples undergo substantial structural
ehanges when irradiated with x rays bel@w 50 K. Figure
shows longitudinal scanparallel to the scattering vecfor
in the vicinity of the(0, 4, O allowed Bragg peak at=10 K
after various x-ray exposures. The scans were collected using
n attenuated beam, so that the x-ray-induced change during
e course of a single measurement was negligible. The data
of Fig. 8 show that lattice constants of the x-ray-induced
phase differ substantially from those of the nonirradiated ma-
terial. We have tried fitting these data assuming the presence
f several phases with fixed lattice constants, but the best fits
Jwere obtained when the lattice parameters of the phases were
allowed to vary. Such behavior could be the result of a

-
o
T

o
=3

Intensity (arb.units)

aboveT=60 K. Similar phenomenology was observed pre- 0
viously in Pg /Ca, ;MnO; samples? We note that the data

of Fig. 3 are unaffected by these x-ray effects since we find

no such effects al=50 K and aboveon cooling, and the FIG. 7. The intensity of th€0, 4.5, Q superlattice peak taken on
data of Fig. 3 al =10 K were taken quickly after the sample heating from the state in which charge ordering was destroyed by
was cooled from 50 to 10 K in the absence of x rays.long x-ray exposure.
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(0, 4, 0), T=10K IV. CONCLUSIONS
0.150 : :
o 1:1 . . - .
0125 t=7 In conclusion, we find that the simple percolation model
’30100 i of the insulator-metal transition in kg ,Pr,Ca;gMnO;
£ needs to be modified. Our data are inconsistent with the
0075 growth of the FM state at the expense of the CO state at low
2 0.050 temperatures, at least not in the amounts suggested by the
= magnetization measurements. We propose that parts of the
0.025 o . - .
' sample, while insulating, do not exhibit charge ordering be-
0 4 low Tco and that the insulator-metal transition is due to the

Q (" growth of ferromagnetic metallic domains within these parts.
Whether these metallic domains actually percolafggt, or
FIG. 8. Longitudinal diffraction scans taken in the vicinity of 5re complex structures containing insulating “bottle-
the (0, 4, O position in reciprocal space after various x-ray expo- necks” are realized in the vicinity of,,, will be the subject
sures. The temperature was 10 K. .
of future work. We emphasize that whatever the actual
mechanism responsible for the insulator-metal transition is,

gradual relaxation of the lattice strain exerted by the COtrge CO phase appears to play a less important role in .

hase on the x-ray-induced phase as the latter phase grow . o
P y P P 9 X-ray irradiation at low temperatures destroys the CO

within the CO matrix. d h ial hich .
There appears to be a difference between the thermalljtale and converts the material to a state which was previ-
usly found to be metallic in similar samples. It appears that

induced insulator-metal transition &at,, in the absence of x . ‘ - €
rays and the x-ray-induced transition at low temperatures. 1€ mechanism for this low-temperature transition does not

the former case, the CO phase is not affected in any measu€duire the presence of the phase distinct from both the FM
able manner, while in the latter the conductivity increases"d the CO phases. On the other hand, it has been shown that
simultaneously with the destruction of the CO phase in the fays do not strongly affect the CO state abdyg while
related sample! and therefore the CO phase is almost cer-Still cpnvertmg the. material to the meta'llllc statehus, it is
tainly converted into the metallic state in the process. OthePOSSible that the insulator metal transition at the relatively
evidence that the two transitions have different mechanism8igh temperaturdy, and the low-temperature photoinduced
comes from the observation that when the samples of a conff@nsition have different microscopic mechanisms.

position similar to ours are irradiated with x raglsove Ty, ,

the changes in the intensity of the CO peaks are minimal or
even abseRtwhile an insulator-metal transition still takes
place. Thus, it appears that while a phase distinct from both
the FM and the CO phases is required to explain the transi- We are grateful to M. E. Gershenson, A. J. Millis, and D.
tion at the relatively high transition temperatufg,,, the  Gibbs for important discussions. This work was supported by
low-temperaturex-ray-induced transition may involve only the NSF under Grant No. DMR-9802513, and by Rutgers
two phases. It would be very interesting to check if thisUniversity. Work at Brookhaven National Laboratory was
statement holds for other external perturbations, such asarried out under Contract No. DE-AC02-98CH10886, U.S.
magnetic field, for example. Department of Energy.
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